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ABSTRACT
Testing gravity by binary pulsars nowadays becomes a key issue. Screened modified gravity is a kind
of scalar-tensor theory with screening mechanism in order to satisfy the tight Solar System tests. In
this paper, we investigate how the screening mechanism affects the orbital dynamics of binary pulsars,
and calculate in detail the five post-Keplerian (PK) parameters in this theory. These parameters differ
from those of general relativity (GR), and the differences are quantified by the scalar charges, which
lead to the dipole radiation in this theory. We combine the observables of PK parameters for the ten
binary pulsars, respectively, to place the constraints on the scalar charges and possible deviations from
GR. The dipole radiation in the neutron star (NS) - white dwarf (WD) binaries leads to more stringent
constraints on deviations from GR. The most constraining systems for the scalar charges of NS and
WD are PSR B1913+16 and PSR J1738+0333, respectively. The results of all tests exclude significant
strong-field deviations and show good agreement with GR.
Keywords: binaries: close – gravitation – gravitational waves – pulsars: general
1. INTRODUCTION
Pulsars are wonderful gravitational probes. Their en-
vironments involve strong gravitational fields, and they
can provide us with much information about gravity.
Since the first pulsar discovery in 1967 (Hewish et al.
1968), more than 2600 pulsars have been discovered, and
the binary pulsars comprise about 10% of the known
pulsar population1. The millisecond pulsars (MSPs) are
pulsars with very short spin period (1−30 ms) (Kramer
et al. 1998; Lorimer 2008), and are often found in binary
pulsar systems (Bhattacharya & van den Heuvel 1991).
The spin period of MSPs is very stable and comparable
to that of the best atomic clocks on Earth (Taylor 1991;
Hobbs et al. 2012). So great period stability makes them
the wonderful probes of relativistic gravity. MSPs can
be used to form a pulsar timing array to directly detect
nanohertz gravitational waves (GWs) from astrophysical
sources (Sazhin 1978; Detweiler 1979; Yunes & Siemens
1 See the ATNF Pulsar Catalogue
http://www.atnf.csiro.au/people/pulsar/psrcat
2013). Furthermore, the monitoring of MSPs allows us
to perform high-precision pulsar timing (Stairs 2003),
which allows us to directly measure not only the Kep-
lerian parameters that define the characteristics of the
Newtonian orbit, but also the relativistic corrections to
the Keplerian orbit, which are quantified by the post-
Keplerian (PK) parameters (Damour & Deruelle 1986;
Damour & Taylor 1992).
There are large number of relativistic parameters
(Damour & Taylor 1992), which can be obtained by
analyzing the pulsar timing data. However, the most
constrained are the five PK parameters: the periastron
advance ω˙, the amplitude γ of Einstein delay, the or-
bital period decay rate P˙b, the range r and shape s of
Shapiro delay. In general relativity (GR), the PK pa-
rameters depend on only two unknown masses2 of the
pulsar and its companion, which is a consequence of the
2 In general, we do not consider the spin angular momentum, be-
cause the spin effects in binary pulsars are usually very small (Bhat
et al. 2008; Antoniadis et al. 2013).
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2strong equivalence principle (SEP). However, it is not
the case in most alternative theories of gravity, where
the extra degrees of freedom affect the spacetime cur-
vature and break the SEP (Will 2014). In alternative
theories, the PK parameters are usually different from
those of GR and play a crucial role in testing GR (Tay-
lor & Weisberg 1982, 1989; De Laurentis et al. 2012; De
Laurentis & De Martino 2013).
As the minimal extension of GR, the scalar-tensor
gravity is a natural alternative (Damour & Esposito-
Farese 1992; Fujii & Maeda 2003; Capozziello & de
Laurentis 2011), which invokes a conformal coupling
between matter and scalar field. Meanwhile, in or-
der to evade the tight Solar System tests, the screen-
ing mechanism is needed in this theory. This kind
of scalar-tensor theory with screening mechanism can
be described within a unified theoretical framework
called screened modified gravity (SMG) (Brax et al.
2012), which includes chameleon (Khoury & Weltman
2004), symmetron (Hinterbichler & Khoury 2010), dila-
ton (Damour & Polyakov 1994) and f(R) (Sotiriou &
Faraoni 2010; De Felice & Tsujikawa 2010) theories.
In order to generate the screening mechanism in this
theory, the effective potential of the scalar field must
have a physical vacuum (Brax et al. 2012). Around this
vacuum, the scalar field can acquire an environment-
dependent mass, which is required to increase as the am-
bient density increases. Therefore, the scalar force (i.e.,
fifth force) can be screened and evade the tight tests in
dense regions (e.g., the Solar System), where the force
range is so short that it is hard to detect within cur-
rent experimental accuracy (Gubser & Khoury 2004).
Whereas in sparse regions (e.g., the Galaxy and the
Universe), the long-range force may influence galactic
dynamics (Gronke et al. 2015; Schmidt 2010), and the
scalar field can act as dark energy to accelerate the
expansion of the Universe (Khoury & Weltman 2004;
Hinterbichler et al. 2011). In addition, in this theory
the tensor GWs have two polarization modes and all
propagate with the speed of light (Liu et al. 2018b),
whereby the severe constraints on the GWs speed from
GW170817 are satisfied (Abbott et al. 2017a,b).
In this paper, we investigate how the screening mech-
anism in SMG affects the PK effects in binary pulsars,
and discuss how to place the constraints on this theory
by the pulsar observations. For our purposes, we study
the impact of the scalar field on the orbital dynamics of
binary pulsars and then calculate in detail the five PK
parameters in this theory in the case of a quasi-elliptical
orbit. These parameters depend not only on the masses
of the pulsar and its companion but also on their scalar
charges, which character the difference from GR. This
theory can converge back to GR in the case of vanishing
scalar charges. In this theory, the scalar charge of the
object is inversely correlated to its compactness. Thus,
for compact objects, the difference from GR is small and
weak, which is completely different from other alterna-
tive theories without screening mechanisms.
In order to compare our results to the pulsar observa-
tions, we use the five neutron star (NS) - white dwarf
(WD) binary pulsars and the five NS-NS binary pulsars.
By combining the observables of PK parameters for the
ten systems, respectively, performing Monte Carlo simu-
lations, we place the constraints on the scalar charges of
these systems. The dipole radiation in NS-WD binary
pulsars dominates the orbital period decay, depends on
the difference in the scalar charges, and leads to more
stringent constraints on deviations from GR. We find
that PSR B1913+16 is the most constraining system for
NS scalar charge. PSR J1738+0333 is the most con-
straining system for WD scalar charge and provides the
best upper bound on the scalar background of 3.4×10−8
at 95.4% confidence level (CL). In all tests from these
systems we rule out significant strong-field deviations
and find good agreement with GR.
This paper is organized as follows. In Section 2, we
display the action and field equations for SMG and per-
form post-Newtonian (PN) expansions of the tensor and
scalar fields. In Section 3, we calculate in detail the five
PK parameters in this theory. In Section 4, we discuss
how to constrain this theory by the pulsar observations.
In Section 5, we perform Monte Carlo simulations for
the ten binary pulsars, respectively, and discuss in detail
these results. We conclude in Section 6 with a summary
and discussion.
2. SCREENED MODIFIED GRAVITY
2.1. Action and Field Equations
SMG is a kind of scalar-tensor theory with screening
mechanism, which is characterized by the following ac-
tion in the Einstein frame (Brax et al. 2012; Zhang et al.
2017),
S =
∫
d4x
√−g
[
M2Pl
2
R− 1
2
(∇φ)2 − V (φ)
]
+ Sm
[
A2(φ)gµν , ψ
(i)
m
]
,
(1)
where MPl =
√
1/8piG is the reduced Planck mass3, R is
the Ricci scalar, and ψ
(i)
m are various matter fields. The
bare potential V (φ) can play the role of dark energy and
endows the scalar field with mass. The coupling function
3 In this paper we set the units to c = ~ = 1.
3A(φ) characterizes the interaction between matter and
scalar field and induces the scalar force.
The scalar field is controlled by the effective potential
Veff(φ) in Equation (6), which depends on two functions
V (φ) and A(φ). For suitably chosen them, the effective
potential can have a minimum (i.e., physical vacuum),
dVeff
dφ
∣∣∣∣
φmin
= 0, m2eff ≡
d2Veff
dφ2
∣∣∣∣
φmin
> 0. (2)
Around this minimum, the scalar field acquires an effec-
tive mass, which is required to increase as the ambient
density increases,
dmeff(ρ)
dρ
> 0. (3)
Therefore, the scalar field can be screened in high den-
sity environments, in which the force range is so short
that it is hard to find. So, SMG can generate the screen-
ing mechanism to suppress the scalar force in dense re-
gions and pass the Solar System (Zhang et al. 2016).
Let us now turn to the matter action for the compact
objects. For the strongly self-gravitating objects, Eard-
ley first showed that so long as they are far enough from
each other, their motions can be effectively described by
point particles with the mass as a function of the scalar
field,
Sm =−
∑
a
∫
ma(φ)dτa. (4)
where ma(φ) is the φ-dependent mass of the a-th point-
particle.
Performing the variation of the full action for the com-
pact objects with respect to the tensor field and the
scalar field, yields the tensor field equation
Gµν = 8piG (Tµν + Tφµν) , (5)
and the scalar field equation
gφ =
∂Veff(φ)
∂φ
, (6)
where Tµν ≡ −(2/√−g)δSm/δgµν is the energy-
momentum tensor of matter, g≡gµν∇µ∇ν is the
curved space d’Alembertian, and Gµν is the Einstein
tensor. Here, the energy-momentum tensor of the scalar
field is
Tφµν(φ) = ∂µφ∂νφ− gµν
[
1
2
(∂φ)2 + V (φ)
]
, (7)
and the effective potential is given by
Veff(φ) = V (φ) + ρA(φ), (8)
where ρ is the local environment density of the scalar
field.
2.2. Weak-Field Limit
In the weak-field limit, the fields gµν and φ are ex-
panded around the backgrounds as follows:
gµν = ηµν + hµν , φ = φVEV + ϕ, (9)
where ηµν is the Minkowski background, and φVEV is the
vacuum expectation value (VEV) of the scalar field (i.e.,
the scalar background).
The weak-field equations are given by (Zhang et al.
2017)
hµν = −16piG
(
Tµν − 1
2
ηµνT
)
, (10)
and (
−m2s
)
ϕ = −16piGS (11)
where  ≡ ηµν∂µ∂ν is the flat-space d’Alembertian, and
m2s =
d2V
dφ2
∣∣∣∣
φVEV
+ ρb
d2A
dφ2
∣∣∣∣
φVEV
(12)
is the effective mass of the scalar field in a homogeneous
background density ρb. In the near zone, the source term
S turns into the PN expression (Zhang et al. 2017),
S =− 1
16piG
{
φ−1VEV
∑
a
samaδ
3
(
r− ra(t)
)[
1− 1
2
v2a
− 1
2
(2)
hkk +
s′a
sa
φ−1VEV
(2)
ϕ
]
+
(2)
hij∂i∂j
(2)
ϕ
}
+O(v6),
(13)
where va is the velocity of the a-th object, ma ≡
ma(φVEV) is its inertial mass at φVEV, and
sa ≡ ∂(lnma(φ))
∂(lnφ)
∣∣∣∣
φVEV
, (14a)
s′a ≡ s2a − sa +
∂2(lnma(φ))
∂(lnφ)2
∣∣∣∣
φVEV
(14b)
are respectively the first and second sensitivities (Alsing
et al. 2012), which characterize how the gravitational
binding energy of an object responds to its motion rel-
ative to the additional fields.
2.3. PN Solutions
We now perform the PN expansions of the fields (Will
1993, 2014). This will allow us to derive the PK effects.
The PN expansions of the tensor field have been given
in the previous work (Zhang et al. 2017), and are listed
in Equations (15). Here, we use the PN approximation
to solve the scalar field equation (11) in the near zone,
4where we can neglect the scalar field mass ms of cos-
mological scales and the potential V (φ) corresponding
to the dark energy. The detailed derivations are given
in Appendix A. The PN expansions of the tensor and
scalar fields are listed as follows:
g00 =− 1 + 2
∑
a
Gma
ra
− 2
(∑
a
Gma
ra
)2
+ 3
∑
a
Gmav
2
a
ra
− 2
∑
a
∑
b6=a
G2mamb
rarab
(
1 +
1
2
ab
)
+O(v6),
(15a)
g0j =− 7
2
∑
a
Gmav
j
a
ra
− 1
2
∑
a
Gma
r3a
(ra ·va)(rj−rja)+O(v5),
(15b)
gij =δij
(
1 + 2
∑
a
Gma
ra
)
+O(v4), (15c)
ϕ =−MPl
∑
a
Gmaa
ra
[
1− 1
2
v2a −
∑
b6=a
Gmb
rab
− s
′
a
sa
MPl
φVEV
∑
b 6=a
Gmbb
rab
+
ra
2
∂2ra
∂t2
]
+O(v6),
(15d)
where ra = |r− ra(t)| and rab = |ra(t)− rb(t)|. Here,
the quantity a is usually called the scalar charge (or
screened parameter), given by (Zhang et al. 2016)
a ≡ φVEV − φa
MPlΦa
, (16)
where Φa = Gma/Ra is the compactness (i.e., nega-
tive Newtonian gravitational potential at the surface) of
the a-th object, and φa is the position of the effective
potential minimum inside the a-th object. Obviously,
the scalar charge is inversely proportional to the com-
pactness, which agrees with the screening mechanisms.
Note that in general φa is inversely correlated to the
matter density of the local environment of the scalar
field (Zhang et al. 2016). Since the background matter
density is always much less than that of compact stars,
we have φVEV  φa, and the scalar charge reduces to
a = φVEV/(MPlΦa).
In addition, by comparing with the two scalar solu-
tions obtained by means of different methods, we obtain
a useful relation (see Appendix A),
sa =
φVEV
2MPl
a, (17)
which means that the sensitivity is completely equiv-
alent to the scalar charge in SMG. The scalar charge
is inversely proportional to the compactness. There-
fore, for compact objects, the sensitivity effects are very
weak and the deviations from GR are very small. This
is very different from other alternative theories without
screening mechanisms, which generally predict the sig-
nificant difference from GR for compact objects (Will &
Zaglauer 1989).
3. POST-KEPLERIAN PARAMETERS
In this section, we calculate in detail the five PK pa-
rameters in SMG for the binary pulsar moving on a
quasi-elliptical orbit, which forms a major part of this
paper.
3.1. Periastron Advance
The periastron advance is one of the four classic Solar
System tests of GR, we now derive this effect in SMG for
the binary pulsar. In this theory, the scalar field modifies
the conservative orbital dynamics of the system, which
can be derived by using the method of Einstein, Infeld, &
Hoffmann (EIH). From the matter action (4), the matter
Lagrangian for the a-th object is given by
La = ma(φ)
(−g00 − 2g0ivia − gijviavja) 12 . (18)
We follow the procedure detailed after Equation (11.90)
of Will (1993) to derive the N -body Lagrangian. By
substituting the PN expressions and the expansion of
ma(φ), making the terms in La manifestly symmetric
under interchange of all pairs of particles, we take one
of each such term generated in La and sum over a. Up
to O(v4), the final form of the EIH Lagrangian is given
by
LEIH =−
∑
a
ma
(
1− 1
2
v2a −
1
8
v4a
)
+
1
2
∑
a
∑
b6=a
Gmamb
rab
×
[
Gab + 3Babv
2
a −
1
2
(Gab + 6Bab )(va · vb )
− 1
2
Gab(nab ·va)(nab ·vb)−
∑
c 6=a
Gmc
rac
Dabc
]
,
(19)
where nab = (ra − rb)/rab is the unit direction vector
from the b-th object to the a-th object, and we have
defined
Gab = 1 +
1
2
ab, (20a)
Bab = 1− 1
6
ab, (20b)
5Dabc = 1 +
1
2
ab +
1
2
ac + s
′
abc
(
MPl
φVEV
)2
. (20c)
In the above calculations, we have neglected the scalar
field mass ms, since the separation rab in the near zone
is always much less than m−1s of cosmological scales.
Now let us specialize to a two-body system (labeled
by 1 and 2 ) with the center of mass at the origin. Sub-
stituting the EIH Lagrangian into the Euler-Lagrange
equation, yields the two-body equation of motion,
a1 =−Gm2n12
r2
[
G−Gv21 +
1
2
(G+3B)(v2−v1)2− 3
2
G(v2 ·n12)2
− (3GB +D122)Gm2
r
−(G 2 + 3GB +D211)Gm1
r
]
− Gm2
r2
(v2−v1)
[
(G+3B)v1−3Bv2
]·n12,
(21)
where we have defined r ≡ r12, G ≡ G12 and B ≡ B12
for a two-body system. The equation of the body 2
can be obtained by exchanging all the particle labels
1 ↔ 2. To Newtonian order, this result satisfies the
inverse-square law, which guarantees that the Kepler’s
third law (2pi
Pb
)2
a3 = Gm (22)
holds in SMG theories. Here, a and Pb are the semi-
major axis and the orbital period, m is the total mass
of the system, and G = G(1 + 1212) is the effective
gravitational constant between two compact objects.
By using the two-body equation of motion, employ-
ing the method of osculating elements (Will 1993), we
obtain the periastron advance of the binary system,
ω˙ =
6piGm
a(1− e2)PbPG
−1, (23)
where e is the orbital eccentricity, and we have defined
P = GB +
1
6
G 2 − 1
6
m1D211 +m2D122
m
. (24)
It can be seen that the above expression reduces to the
GR result in the limit of → 0 (Will 2014).
3.2. Einstein Delay
In the binary pulsar system with an elliptical orbit,
one has a changing time dilation of the radio pulses due
to a variation in the pulsar velocity and a change of the
distance between the pulsar and its companion. This
time delay effect is so-called Einstein delay. The proper
time at the pulsar’s point of emission can be related to
coordinate time by
dτp = dtp
[
− gµν(xp)
dxµp
dtp
dxνp
dtp
] 1
2
. (25)
By substituting the PN expressions in (15), integrating
this equation and dropping the constant contribution,
and the result to first order can be written as
τp = tp − γ sinE, (26)
and the amplitude of Einstein delay is
γ =
Gmc
a
(
1 +
mc
m
)Pb
2pi
e, (27)
where E and mc are the eccentric anomaly and the com-
panion mass, respectively. Using the Kepler’s third law,
we can rewrite the amplitude as
γ = e
Pb
2pi
(
2piGm
Pb
)2/3
mc
m
(
1 +
mc
m
)
, (28)
which is identical to that of GR in the limit of  → 0
(Will 2014).
3.3. Shapiro Delay
In the binary pulsar system with a sufficiently edge-on
orbit, the propagation time delay suffered by the pulsar
signal passing through the curved spacetime region near
the companion, is so-called Shapiro delay. It is also one
of the four classic Solar System tests of GR.
This effect is described by two Shapiro delay terms
called shape s and range r in the DD (Damour & Deru-
elle 1986) parametrization, or other two quantities ς and
h3 in the FW (Freire & Wex 2010) parametrization,
which relate s and r by
s =
2ς
1 + ς2
, r =
h3
ς3
. (29)
In the DD formulation, to first order, the Shapiro delay
is usually parameterised by (Wex 2014)
4S = 2r ln
[
1− e cosE − s sinω(cosE − e)
− s cosω(1− e2)1/2 sinE
]
,
(30)
where the quantities ω, e and E are the longitude of
periastron, the orbital eccentricity and the eccentric
anomaly, respectively. The shape s is linked to the orbit
inclination i by s ≡ sin i = xp/ap, where ap and xp are
the semimajor axis and projected semimajor axis of the
pulsar orbit, respectively. Using this and the Kepler’s
third law, we obtain the Shapiro delay shape
s = xp
(
2pi
Pb
)2/3
m2/3
G1/3mc .
(31)
6The pulsar signal travels along a null geodesic in the
Jordan frame, dτJ = A(φ)dτ = 0, that is
gµνdx
µdxν = 0, (32)
which indicates that the null geodesic remains un-
changed under the conformal transformation. To order
O(v2), this can be written as
−1 +
(2)
h00 + (δij +
(2)
hij)
dxi
dt
dxj
dt
= 0. (33)
The photon trajectory is corrected by xi(t) = xip+n
i(t−
tp) +x
i
PN(t), where the photon is emitted from xp in di-
rection n at time tp, and x
i
PN is the PN correction. Sub-
stituting this and the PN expressions (15) into Equation
(33), integrating this equation, we obtain the Shapiro
delay
4S = 2Gmc ln
[
(rp + rp · n)(re + re · n)
r2b
]
. (34)
Here, the pulsar signal is emitted from the pulsar rp in
direction n, passing through the curved spacetime region
near the companion, and traveling to the Earth re. The
quantity rb is the impact parameter of the pulsar signal
with respect to the companion. By comparing this result
with Equation (30), we obtain the Shapiro delay range
r = Gmc, (35)
which is exactly the same as that in GR (Will 2014).
This is because photons do not couple to the scalar field
in this theory.
3.4. Orbital Period Decay
These four PK parameters calculated in the previous
subsections all describe the effects of the conservative
sector of the theory. The PK parameter P˙b called the
orbital period decay rate, is related to the damping of
the orbital energy due to the emission of GWs, and char-
acterizes the effects of the dissipative sector of the the-
ory. In fact, it was the monitoring of the orbital period
that led to the first indirect detection of GWs (Hulse
& Taylor 1975; Taylor & Weisberg 1982, 1989). In this
subsection we calculate the orbital period decay rate P˙b
for the binary pulsar with a quasi-elliptical orbit.
In this theory, the tensor and scalar gravitational ra-
diations contribute to the rate of the energy loss. The
tensor energy flux can be obtain by performing the same
way as GR (Maggiore 2007), and is given by (see Zhang
et al. (2017) for detailed derivations)
FQg =
32G4µ2m3
5a5
1 + 7324e
2 + 3796e
4
(1− e2)7/2
(
1 +
3
2
pc
)
, (36)
where m and µ are the total and reduced masses of the
system, and p and c are the scalar charges of the pulsar
and its companion.
The massive scalar wave equation (11) implies that
the scalar particle satisfies the relativistic dispersion re-
lation. This result shows that the scalar mode is excited
if and only if its frequency (energy) is greater than its
mass. For a typical binary pulsar with a 1-hour orbital
period, the orbital frequency (ω ∼ 10−3Hz) is much
greater than the scalar field mass ms of cosmological
scales (if m−1s ∼ 1Mpc, then ms ∼ 10−14Hz). Because
of this, we neglect the scalar field mass in the calcula-
tion of the scalar energy flux, which has been given in
the recent work (Zhang et al. 2019),
Fφ = G
3µ2m2
6a4
(p − c)2(1 + 12e2)
(1− e2)5/2 +
G4µ2m3
15a5
1
(1− e2)7/2
{(
8pc − 5(p − c)2 µ
m
)
+
e2
4
[
129pc − 5(p − c)2
+20
(pmp+cmc
m
)2
+55
(cmp+pmc
m
)2]
+
e4
16
[
111pc+10(p−c)2+5
(pmp+cmc
m
)2
+40
(cmp+pmc
m
)2]}
.
(37)
By summing this and the tensor energy flux (36), using
the relation
P˙b
Pb
= −3
2
E˙
E
, (38)
the balance law
F = −E˙, (39)
and the orbital binding energy
E = −Gmµ
2a
, (40)
we obtain the orbital period decay rate due to the tensor
and scalar radiations, presented in Equation (41e).
73.5. Summary of PK parameters
In the previous subsections, we have derived in detail
the five PK parameters in this theory. For convenience,
now we rewrite and summarize them in the following
form:
ω˙ = 3
(
Pb
2pi
)− 53 (Tm) 23
1− e2
24 + 8pc − 2p2c
24(1 + pc/2)
4
3
, (41a)
γ = e
(
Pb
2pi
) 1
3
T
2
3
mc
m
1
3
(
1 +
mc
m
)(
1 +
1
2
pc
) 2
3
, (41b)
r = Tmc, (41c)
s = xp
(
Pb
2pi
)− 23
T
− 13
m
2
3
mc
(
1 +
1
2
pc
)− 13
, (41d)
P˙b =−2pi
(
Pb
2pi
)− 53 T 53mpmc
m
1
3 (1− e2) 72
{
96
5
(
1+
73e2
24
+
37e4
96
)
+
(
Pb
2piTm
)2
3 2d
2
(
1− e
2
2
− e
4
2
)
+
(
8pc−mpmc
m2
2d
)
+
e2
12
[
335pc +
(
9− 24mpmc
m2
)
2d + 21Γ
2
]
+
e4
48
[
191pc +
(
9− 6mpmc
m2
)
2d + 21Γ
2
]}
, (41e)
where masses are expressed in solar units, and T ≡
GM = 4.925490947µs is a solar mass in time units.
The quantity d ≡ c − p is the difference in the
scalar charges, and Γ ≡ cmp/m+ pmc/m is the mass-
weighted average of the scalar charges. The PK param-
eters depend on the masses mp and mc and the scalar
charges p and c of the pulsar and its companion, and
can reduce to the results of GR in the limit of p = c = 0
(Will 2014).
For the periastron advance, Einstein delay and
Shapiro delay, they are the effects of 1PN, 1PN and
1.5PN, respectively. In Equation (41e), the first and
second terms are the tensor quadrupole radiation of
2.5 PN and the scalar dipole radiation of 1.5 PN, re-
spectively, and the remaining terms represent the 2.5
PN contributions from the monopole and the monopole-
quadrupole and dipole-octupole cross terms. In the case
of e = 0, P˙b can reduce to the previous result (Zhang
et al. 2017). Because Pb/T = O(109) for a typical
binary pulsar with a 1-hour orbital period, the dipole
radiation dominates the orbital period decay unless
c − p = 0.
4. BINARY PULSARS
In GR, the PK parameters depend on only two un-
known masses of the pulsar and its companion. How-
ever, in SMG, the PK parameters (41) contain the four
unknown quantities, which are the masses and scalar
charges of the pulsar and its companion. In this section,
we discuss how to determine these unknown quantities
by the observational data of the binary pulsar.
4.1. Binary Pulsars
Pulsars are extremely useful tools for testing GR and
alternative theories of gravity, thanks to the extreme
precision of their radio pulses. Pulsars have short spin
period with a very stability. The monitoring of the
times-of-arrival (TOAs) of the pulsar’s radio pulses al-
lows the properties of the pulsar orbit to be inferred.
These orbital properties are parameterized by the Kep-
lerian parameters and a suite of PK parameters, which
describe the secular orbital changes over time as well as
the propagation time delay. These orbital parameters
can be precisely determined by using the standard soft-
ware package tempo2 (Hobbs et al. 2006) to analyze
the TOAs.
Note that, for the orbital period decay rate, in order
to determine its intrinsic value caused by GWs damping,
its measured value needs to be corrected for two effects.
The first is the kinematic effect (Damour & Taylor 1991)
caused by the relative acceleration between the pulsar
system and the Solar System. The second is so-called
Shklovskii effect caused by the pulsar transverse motion
relative to the Earth. The contributions of these effects
can be removed by measuring the distance and proper
motion of the pulsar system.
In this paper, we use the five NS-NS PSRs J0737−3039,
B1534+12, J1756−2251, B1913+16 and J1757−1854,
and the five NS-WD PSRs J1141−6545, J1738+0333,
J0348+0432, J1012+5307 and J0751+1807. The reason
for these choices is that they can provide at least three
observables to test GR. For convenience, we list the
parameters of these systems in Table 1.
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94.2. Method
In SMG, the PK parameters (41) contain the four un-
known quantities (mp, mc, p, c) and the eight observ-
ables (Pb, e, xp, ω˙, γ, r, s, P˙b). In general, the latter can
directly be obtained by analyzing the pulsar timing data.
For the former, we can set up Monte Carlo simulations
to constrain them. In the simulation, all observables
are randomly sampled from a normal distribution with
mean and standard deviation equal to their fitted values
and uncertainties, respectively, and then these unknown
quantities can be obtained by combining and solving
Equations (41). This process is repeated 106 times, and
then we can construct the histograms for these unknown
quantities to constrain them.
5. RESULTS AND DISCUSSION
In this section, we derive the constraints on the scalar
charges from the ten binary pulsar systems by perform-
ing the Monte Carlo simulations. The results are listed
in Table 2, and we discuss these in more detail below.
Table 2. Upper bound on scalar charge at 95.4% CL for the
ten binary pulsars
NS−NS PSR Upper bound on NS
J0737−3039 6.6× 10−2
B1534+12 1.1× 10−1
J1756−2251 3.3× 10−1
B1913+16 3.3× 10−2
J1757−1854 1.7× 10−1
NS−WD PSR Upper bound on WD
J1141−6545 4.3× 10−3
J1738+0333 3.4× 10−3
J0348+0432 7.8× 10−3
J1012+5307 1.5× 10−2
J0751+1807 1.9× 10−2
5.1. NS-NS Binary Pulsars
NS-NS binary pulsar is a symmetric system, we set
p = c = NS, i.e., the scalar dipole radiation is ne-
glected. In this system, the four unknown quantities
reduce to three (mp, mc, NS), which are obtained by
using the most accurate three observables in this sub-
section.
PSR J0737−3039 is the only known double pulsar,
discovered in 2003 (Burgay et al. 2003). It consists of
a pulsar with a period of 22-ms, PSR J0737−3039A, in
a 2.4-hour orbit with a younger pulsar with a period
of 2.7-s, PSR J0737−3039B. Using the observables ω˙,
q and s (see Table 1), performing Monte Carlo simula-
tions described in subsection 4.2, we obtain the pulsar
and companion masses of mp = (1.338± 0.004)M and
mc = (1.249 ± 0.002)M in agreement with those of
GR (see Table 1), and a bound of NS ≤ 0.066 at 95.4%
CL. The masses imply P˙b = (−1.249 ± 0.006) × 10−12,
γ = (0.3842 ± 0.0006)ms and r = (6.154 ± 0.006)µs,
which agree well with their observed values (see Table
1), respectively.
PSR B1534+12 is a 37.9-ms radio pulsar in a 10.1-
hour quasi-elliptical orbit with a NS companion. Using
the PK parameters ω˙, γ and s, we obtain the pulsar
and companion masses of mp = (1.339± 0.009)M and
mc = (1.3458 ± 0.0006)M in agreement with those of
GR (see Table 1), and a bound of NS ≤ 0.11 at 95.4%
CL. The masses imply r = (6.629 ± 0.003)µs in good
agreement with its observed value of (6.6± 0.2)µs.
PSR J1756−2251 is a 28.4-ms pulsar in a 7.67-hour
quasi-elliptical orbit with a low-mass NS companion.
Using the PK parameters ω˙, γ and P˙b, we obtain the pul-
sar and companion masses of mp = (1.40±0.07)M and
mc = (1.24 ± 0.02)M in agreement with those of GR
(see Table 1), and a bound of NS ≤ 0.33 at 95.4% CL.
The masses imply s = 0.92± 0.02 and r = (6.1± 0.1)µs,
which agree with their observed values (see Table 1),
respectively.
PSR B1913+16 was the first binary pulsar discov-
ered (Hulse & Taylor 1975). It consists of two NSs
(one is an observed pulsar) orbiting in a very tight,
highly elliptical orbit. This system only provides the
three PK parameters ω˙, γ and P˙b, which give the pulsar
and companion masses of mp = (1.436± 0.004)M and
mc = (1.391± 0.002)M and a bound of NS ≤ 0.033 at
95.4% CL. The masses are good agreement with those
of GR (see Table 1).
PSR J1757−1854 is a 21.5-ms pulsar in a highly-
elliptical, 4.4-hour orbit with a NS companion. Using
the PK parameters ω˙, γ and ς, we obtain the pulsar
and companion masses of mp = (1.32 ± 0.06)M and
mc = (1.392 ± 0.007)M in agreement with those of
GR (see Table 1), and a bound of NS ≤ 0.17 at 95.4%
CL. The masses imply P˙b = (−5.2 ± 0.4) × 10−12 and
h3 = (5.0± 0.9)µs, which agree with their observed val-
ues (see Table 1), respectively.
The best bound of NS ≤ 0.033 from PSR B1913+16
excludes significant strong-field deviations from GR
(NS = 0). We construct the mass-mass diagrams and
the constraints on NS as shown in Figure 1. The con-
straints on mp and mc in GR (solid lines) and in SMG
(dashed lines) are based on the PK parameters. The
results of all tests agree well with GR.
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Figure 1. Mass-mass diagrams for the five NS-NS PSRs J0737−3039, B1534+12, J1756−2251, B1913+16 and J1757−1854.
The constraints on mp and mc in GR (solid) and in SMG (dashed) are based on the PK parameters. The width of each curve
represents ±1σ error bounds.
Now we consider NS-WD binary pulsar systems. The
scalar charge is inversely proportional to the compact-
ness (see Equation (16)), i.e., WD/NS ' ΦNS/ΦWD ∼
104. That is, comparing to the WD scalar charge WD,
the NS scalar charge NS is approximately equal to zero.
Therefore, the expressions (41) of the PK parameters ω˙,
γ, r and s reduce to those of GR, which leads that the
masses mNS and mWD in SMG are the same as those in
GR (see Table 1). In the case of NS ' 0, the orbital
period decay is dominated by the dipole radiation (see
Equation (41e)),
P˙ dipoleb = −
2pi2G
Pb
mNSmWD
mNS +mWD
(1 + e
2
2 )
(1− e2)5/2 
2
d, (42)
where d = WD − NS ' WD. The constraints on WD
(or dipole radiation) only come from the orbital period
decay rate P˙b.
PSR J1141−6545 is a pulsar in a quasi-elliptical
orbit with a WD companion. PSRs J1738+0333,
J0348+0432, J1012+5307 and J0751+1807 are MSPs
in quasi-circular orbits with low-mass WD companions.
Using the intrinsic P˙b from the five systems, we obtain
the upper bounds on WD of 0.0043, 0.0034, 0.0078,
0.015 and 0.019 (95.4% CL), respectively. These ex-
clude significant strong-field deviations and show good
agreement with GR (WD = 0). PSR J1738+0333 pro-
vides the best bound of WD ≤ 0.0034. We find that the
bounds on WD are better than the bounds on NS (see
Table 2), because of the dipole radiation in NS-WD bi-
naries. The mass-mass diagrams and the constraints on
WD are shown in Figure 2. The constraints on mNS and
mWD in GR (solid lines) and in SMG (dashed lines) are
based on the PK parameters and the other observables.
5.3. Constraints on Scalar Background
In this subsection, we derive the constraints on the
scalar background φVEV. For compact objects, the scalar
charge can be approximated by  = φVEV/(MPlΦ), where
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Figure 2. Mass-mass diagrams for the five NS-WD PSRs J1141−6545, J1738+0333, J0348+0432, J1012+5307 and J0751+1807.
The constraints on mp and mc in GR (solid) and in SMG (dashed) are based on the PK parameters and the other observables.
The width of each curve represents ±1σ error bounds.
Φ = Gm/R is the compactness of the star and R is
its radius. In these systems under consideration, only
two PSRs J0348+04321 and J1738+03332 (labeled by
1 and 2) provide the measured radii for WDs, i.e.,
RWD1 = 0.065
+0.005
−0.005R (Antoniadis et al. 2013) and
RWD2 = 0.037
+0.004
−0.003R (Freire et al. 2012), and we
have ΦWD1 = 5.61×10−6 and ΦWD2 = 1.04×10−5. Using
these and the corresponding bounds on WD, we obtain
a bound on φVEV (95.4% CL),
φVEV
MPl
≤ 4.4× 10−8 from J0348+0432, (43)
and a better one
φVEV
MPl
≤ 3.4× 10−8 from J1738+0333, (44)
which agrees well with the upper bound of 3.3 × 10−8
in the previous work (Zhang et al. 2017). This result
is applicable to the general SMG and has been used to
place the constraints on chameleon, symmetron, dilaton
(Zhang et al. 2017) and f(R) (Liu et al. 2018a) theories.
6. CONCLUSIONS
As a simple generalization of GR, SMG is a class of
scalar-tensor gravity with screening mechanism in order
to satisfy the tight tests from the Solar System. Binary
pulsars are the ideal laboratories for testing gravity. In
this paper, we investigated how the screening effect af-
fects the PK parameters and placed the tight constraints
on the theory by the pulsar observations.
We first studied the orbital dynamics of the binary
pulsars and then calculated in detail the five PK pa-
rameters in this theory. The PK parameters depend
on the masses and scalar charges of the system. The
scalar charge characters the difference from GR and is
inversely correlated to the compactness in this theory.
Thus, the deviations from GR become small for com-
pact objects, which is very different from most alterna-
12
tive theories of gravity without screening mechanisms.
We placed the constraints on the scalar charges by us-
ing the PK observables from the ten binary pulsars. The
dipole radiation in NS-WD binaries leads to more strin-
gent constraints on deviations from GR. PSR B1913+16
is the most constraining system for NS scalar charge.
PSR J1738+0333 is the most constraining system for
WD scalar charge and gives the best constraint on the
scalar background. The results of all tests rule out sig-
nificant strong-field deviations and agree well with GR.
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APPENDIX
A. PN EXPANSION OF THE SCALAR FIELD
We solve the scalar field equation by the method of matching the internal and external solutions. Now, considering
a static spherically symmetric source object with constant density ρo and radius R, it is embedded in a homogeneous
background of matter density ρb. Then, the scalar field equation (6) can reduce to
d2φ
dr2
+
2
r
dφ
dr
= m2m(ρ)
[
φ− φm(ρ)
]
, (A1)
with
ρ(r) =
{
ρo for r < R
ρb for r > R
. (A2)
This is a second order differential equation, so we must impose two boundary conditions: dφ/dr
∣∣
r=0
= 0 and φ
∣∣
r→∞ →
φVEV. Moreover, the scalar field φ and dφ/dr are of course continuous at the boundary. By solving Equation (A1)
directly, yields the exact solution
φ(r < R) = φo +
A
r
sinh(mor), (A3a)
φ(r > R) = φVEV +
B
r
e−msr, (A3b)
with
A =
(φVEV − φo)(1 +msR)
mo cosh(moR) +ms sinh(moR)
, (A4a)
B = −emsR(φVEV − φo) moR− tanh(moR)
mo +ms tanh(moR)
, (A4b)
where φo and φVEV are the positions of the effective potential minimum inside and far outside the source object,
respectively, and mo and ms are the scalar field masses at φo and φVEV, respectively. In the case of m
−1
o  R m−1s ,
the exterior scalar field (A3b) reduces to
ϕ(r) = φ(r)− φVEV = −MPlGm
r
e−msr, (A5)
with
 ≡ φVEV − φo
MPlΦ
, (A6)
where m is the mass of the object, Φ = Gm/R is its compactness, and  is its scalar charge (or screened parameter).
For a N -body system, the scalar field is given by
ϕ =
∑
a
ϕa = −MPl
∑
a
Gmaa
ra
e−msra , (A7)
13
where ra = |r− ra(t)|.
Now let us solve the scalar field equation by using the PN approximation (Will 1993, 2014). Up to Newtonian order,
the field equation (11) reduces to (∇2 −m2s) (2)ϕ = φ−1VEV∑
a
samaδ
3
(
r− ra(t)
)
, (A8)
and using Green’s function method the solution is
(2)
ϕ = −2 M
2
Pl
φVEV
∑
a
Gmasa
ra
e−msra . (A9)
By comparing the above two solutions (A7) with (A9), yields the useful relation between sensitivity and scalar charge,
sa =
φVEV
2MPl
a. (A10)
In the near zone, neglecting the scalar field mass ms of cosmological scales, using Equations (A9) and (15c), the
scalar field equation (11) reduces to
ϕ =4piMPl
∑
a
Gmaaδ
3
(
r− ra(t)
)×[1− 1
2
v2a −
∑
b 6=a
Gmb
rb
− s
′
a
sa
MPl
φVEV
∑
b6=a
Gmbb
rb
]
+O(v6), (A11)
where we have neglected the terms Vn, since the effects of dark energy are very weak in the near zone. The equation
can be solved by using Green’s function method,
Ga(t, r) = −4piδ3(r− ra(t)) (A12)
with
Ga(t, r) =
1
|r− ra(t)| +
1
2
∂2
∂t2
|r− ra(t)|+ 1
ra
O(v4). (A13)
Using this, the solution of Equation (A11) is presented in Equation (15d).
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